Abstract-An almost square patch, a square patch and a stacked square patch with corner truncation for circular polarization (CP) are researched and developed at X-band for cognitive radios. Experimental results indicate, first, that the impedance bandwidth of a CP almost square patch fed from the edge by a 50 ohm line is 1.70% and second, that of a CP square patch fed from the ground plane side by a surface launch connector is 1.87%. Third, the impedance bandwidth of a CP stacked square patch fed by a surface launch connector is 2.22%. The measured center frequency for the CP square patch fed by a surface launch connector without and with an identical stacked patch is 8.45 and 8.1017 GHz, respectively. By stacking a patch, separated by a fixed air gap of 0.254 mm, the center frequency is observed to shift by as much as 348.3 MHz. The shift in center frequency, brought about by the reconfiguring of the physical layer antenna, can be exploited in a cognitive system since it expands the usable frequency spectrum for software reconfiguration in the presence of interference. In addition, varying the fixed air gap in the stacked antenna geometry by increments of 0.254 mm further expands the usable frequency spectrum.
INTRODUCTION
One of the greatest design challenges for cognitive radio antennas is creating wideband elements. Software defined radio (SDR) is seen as an enabling technology for cognitive radio, which offers much promise to increase spectrum usage efficiencies to users in a wide variety of applications, including space communications [1] . In the context of space communications, NASA's Near Earth Network (NEN) is interested in the X-Band frequencies (8.0 to 8.5 GHz) to establish space-to-Earth downlinks for science spacecraft using cognitive radios. The use of this frequency band can be achieved through the reconfigurable nature of cognitive radios. Reconfiguration in cognitive radios is achieved through the use of software modules to adapt the radio's internal states to statistical variations in the incoming RF stimuli [2] and [3] . The physical layer of the cognitive radio (antennas, conversion modules, etc.) is not often associated with the reconfigurable capabilities of the cognitive radio. In this paper, the design of wideband circularly polarized (CP) patch antennas for frequency reconfiguration in the physical layer of cognitive radios are studied and reported at X-Band frequencies.
Due to their lightweight, low cost, and ease of fabrication, patch antennas are attractive for wireless communications. The drawback for these antennas is their narrow bandwidth [4] . Two designs were researched and fabricated to improve bandwidth and demonstrate frequency reconfiguration at the physical level for cognitive devices: (1) A microstrip almost square patch antenna with corner truncation for CP, fed through the edge with a 50 ohm microstrip line; (2) A microstrip square patch antenna with corner truncation for CP, fed from the ground plane side with a surface launch connector. These designs were studied as both standalone and stacked geometries. A stacked square patch with corners truncated for CP, fed from the edge by a 50 ohm line and having an impedance bandwidth of 1.3 GHz (11.2 to 12.5 GHz) has been demonstrated in [5] . However, this geometry offers considerable challenges in the realization of large arrays since it would require the antennas and feed networks to be in a planar configuration [6] . To address this issue, the microstrip square patch fed from the ground plane side with a surface launch connector was investigated in greater detail. This type of feeding arangement has several advantages: (1) It can be configured into a large planar array, (2) It allows for hybrid integration of phase-shifters and solid-state power amplifiers (SSPA) located either on an orthogonal substrate or on a multi-layer substrate, (3) It can be scaled to higher frequencies of interest to NASA missions.
Reconfiguration of the physical layer of the cognitive radio becomes feasable when a stacked antenna is added into the system. The stacked antenna element creates the potential of a mechanically tunable system, expanding the usable antenna net impedance bandwidth and operating frequencies for use in spectrum sensing and transmission. The mechanical tunning of the stacked antenna is achievable through the addition of an external mechanism, such as RF-MEMS circuitry.
II. MICROSTRIP PATCH ANTENNA DESIGN AND SIMULATION

A. Standalone Antennas
The antennas were designed and simulated using CST Microwave Studios 2010 and its built in material library [7] . Roger's Corporation's RO3003 (εr = 3.0, h = 0.508 mm, g = 60 mm) substrate with half-ounce cooper cladding (t = 0.01778 mm) was considered for the antennas.
The lengths and widths (L1, W1, L2, and W2) and corner truncations (C1 and C2) for the antennas in Fig. 1 were calculated with equations from [8] . The Trust Region Algorithm was utilized in CST to optimize the antenna dimensions in order to get the best possible results for the design frequency of 8.4 GHz. The corner truncation makes CP possible. In Fig. 1 , the corner truncations resulted in an antenna that is left hand circularly polarized (LHCP). Truncating the opposite two corners will result in an antenna that is right hand circularly polarized (RHCP). The dimension G represents the width of the 50 ohm transmission line that is used to feed the almost square patch antenna and is calculated using ADS's Line Calc. The dimension D represents the final optimized position with respect to the center of the square patch antenna in which the surface launch connector pin is introduced from the ground plane side of the substrate. There is not much information on the exact location of an efficient feed point for the surface launch type of excitation in the open literature for X-Band applications. It is reported in [9] that at 2.48 GHz a good feed point could be 55% towards the edge, from the center point of the antenna. A study reported in [10] indicated that the best input VSWR for a patch at 3.103 GHz was obtained with a feed point 64% towards the edge, from the center point of the antenna. Consequently, in the initial design the position of the feed point was placed between 45% and 55% towards the edge, from the center point of the antenna. The final CST optimized position represented a move of 40.4% towards the edge, from the center point of the antenna. The simulation took into consideration the surface launch connector pin radius and dielectric radius of 0.254 and 1.016 mm, respectively. The ground plane corresponding to the cross sectional area of the connector dielectric is removed in the simulation to match the fabricated geometry.
B. Stacked Antenna
The stacked square patch antenna geometry consists of an identical patch antenna without a ground plane stacked on top of a driven patch antenna, as illustrated in Fig. 2 . The driven patch and the stacked patch have identical substrate properties. There is a fixed minimum air gap of 0.254 mm between the driven patch and stacked patch due to the solder bump that was created during the assembly process to hold the coaxial connector pin in place.
It is worth mentioning that by stacking a patch on an almost square patch with a 50 ohm feed would also impact the feed line propagation characteristics ( Fig. 1(a) ). This is because the over layed stacked dielectric substrate now appears as a superstrate for the feed line. Such an arrangement would necessitate reconfiguring the 50 ohm feed line and the patch antenna characteristics simultaneously, which would render the stacked antenna design far more complicated. Therefore, the stacked geometry was only pursued for the standalone square patch, fed from the ground plane side by a surface launch connector ( Fig. 1(b) ). 
C. Simulated Results -Center Frequency and Impedance Bandwidth
Figs. 3(a) and (b) shows the simulated S11 for the two standalone geometries (Fig. 1) . The simulated results show that the center frequency (f0) for both standalone cases are similar and close to the design frequency of 8.4 GHz. The return loss magnitude at f0 for the square patch is better than the almost square patch by approximately 3 dB. In addition, the square patch had a better impedance bandwidth (BW) than the standalone almost square patch by 0.24%. Table II Fig. 3(c) shows the simulated S11 for the stacked square patch antenna (Fig. 2) . The simulated center frequency for the square patch excited by a surface launch connector without and with a stacked patch is 8.364 and 8.076 GHz, respectively. Thus by stacking a patch, separated by a fixed air gap of 0.254 mm, the center frequency is observed to shift by as much as 288 MHz (3.44%). In addition, the impedance bandwidth increases by 0.5%. It is worth noting that by increasing the air gap to 1.27 mm in increments of 0.254 mm, the center frequency of the stacked system moved closer to the center frequency of the stand alone system. The effects of the air gap is discussed in a further section. Table III summarizes the data extracted from Fig. 3(c) . Fig. 3(d) shows the VSWR for all three cases and is observed to be under two, which is desireable. 
D. Simulated Results -Radiation Pattern
The starting ground plane size was 60×60 mm. When varying the plane size by 30 mm, incrementialy and decrementialy, the directivity and realized gain improve, while the angular width varies. The best directivity and realized gain was achieved when the ground plane size was 30×30 mm, therefore the radiation pattern were simulated with that ground plane size.
Figs. 4(a) through (c) shows the simulated radiation pattern in Cartesian coordinates in the two principal planes for the three antenna geometries discussed earlier. The inset in Fig. 4(a) shows the reference cartesian coordinate system. 
III. MICROSTRIP PATCH ANTENNA FABRICATION AND CHARACTERIZATION
A. Fabrication
The standalone patch antennas and the stacked patch antenna discussed above were fabricated using a photolithographic process. The two fabricated standalone antennas are shown in Figs. 5(a) and (b) , respectively. The antenna dimensions are identical to the simulated dimensions presented in Table I . In the case of the antenna shown in Fig. 5(b) a surface launch connector was used to excite the patch from the ground plane side. The center pin of the connector was located approximately 40% towards the edge, from the center of the patch as illustrated in Fig. 1(b) . The diameter of the center pin and the exposed portion of the coaxial dielectric of the connector are approximately 0.508 and 2.54 mm, respectively. The fabricated stacked square patch antenna is shown in Figs. 6(a) through (c) . 
B. Characterization
The test setup for characterizing the return loss of the standalone and the stacked patch antennas consisted of an Agilent Technologies E8363B Vector Network Analyzer with phase stable measurement cables. The measured S11 for the two standalone antennas and the stacked antenna are superimposed on the simulated results in Figs. 3(a) through (c) , respectively. The experimental data extracted from these figures are summarized in Table VII . Experiments show that the impedance bandwidth of the standalone antenna fed from the edge by a 50 ohm line is 1.70% and that of the antenna fed from the ground plane side by a surface launch connector is 1.87%. In addition, the impedance bandwidth of the stacked square patch fed from the ground plane side by a surface launch connector is 2.22%. These results indicate that the surface launch type of excitation results in larger impedance bandwidth when compared to edge feeding. Furthermore, the measured center frequency for the square patch excited by a surface launch connector without and with a stacked patch is 8.45 and 8.1017 GHz, respectively. Thus by stacking a patch, separated by a fixed air gap of 0.254 mm, the center frequency is observed to shift by as much as 348.3 MHz (4.12%). Moreover, the simulated and measured results are within 1.24% in all three cases and therefore, considered to be in excellent agreement. The experimental validation of the observed simulated frequency shift discussed earlier strengthens the case for the feasibility in using an external mechanism to reconfigure the stacked antennas in the physical layer of a cognitive radio. The fixed air gap was manually moved in increments of 0.254 mm and was in agreement with the behavior discussed in the simulated results.
IV. ANTENNA FREQUENCY RECONFIGURATION IN COGNITIVE RADIOS
The shift in the center frequency when a stacked element is added to the standalone element, as discussed above, would enable the reconfiguration of the operating frequency in the physical layer of the cognitive radio to be plausible by way of an external mechanism. The spectrum sensing portion of the cognitive radio would be used initially to identify spectrum holes in the designated band of frequencies and then the software would reconfigure the internal states of the radio to become functional in the available spectrum. The external mechanism would reconfigure the antenna geometry at the physical level of the cognitive radio to be able to transmit at the available spectrum.
CST simulations showed that by increasing the air gap from its initial value of 0.254 mm to five times the initial value (1.27 mm), the central frequency of the stacked patch can be reconfigured from 8.076 to 8.143 GHz. Beyond 1.27 mm, the driven patch and the stacked patch begin to decouple and the air gap has no significant influence on the central frequency. Taking the above simulated central frequency shift and the air gap dimensions into account, the central frequency sensitivity of the system is on the order of 5.28 MHz per 100 microns change in air gap dimensions.
V. FUTURE WORK
A. Frequency Reconfiguration With MEMS Devices
The rate of change and the precision with which the air gap dimensions can be reconfigured are dependent on the capabilities of the external tuning mechanism. Electrostatically actuated MEMS devices [11, 12] , electro-active polymers/shape memory alloy actuators [13] , magnetic actuators [14] , and displacement multipliers [15] when integrated with printed antennas have been demonstrated as a viable technology to reconfigure the antenna characteristics. However, this topic will be investigated in greater detail and results will be presented in a future paper.
B. Polarization Reconfiguration With Semiconductor Devices
A scheme to implement polarization reconfigurability of a CP square patch antenna is illustrated in Fig. 7 . The two orthogonal feeds are coupled to the patch via two PIN diodes, which can be biased independently. In the arrangement shown, when PIN diode #1 is turned ON and PIN diode #2 is in the OFF state, the antenna is similar to the patch antenna illustrated in Fig. 1(a) . The antenna radiates a LHCP signal. When PIN diode #1 is turned OFF and PIN diode #2 is turned ON, the antenna radiates a RHCP signal. Polarization reconfiguration would be useful in a cognitive radio because it would enable data transmission in both LHCP and RHCP, which would further expand the capabilities of the cognitive radio. 
VI. CONCLUSIONS
The simulated and measured results indicate that the impedance bandwidth of the CP square patch antenna excited from the ground plane side by a surface launch connector is superior to the case when excited from the edge by a 50 ohm line. In addition, the impedance bandwidth improves further when an identical patch is stacked above the driven patch. Furthermore, the center frequency shifts in the case of a CP stacked patch geometry. The shift in center frequency can be exploited in a cognitive radio to reconfigure the operating frequency in the presence of interference. The above effort can be extended to NASA's NEN Ka-Band (25.25 to 27.5 GHz) frequencies.
The details on the Solid State Power Amplifier that will be used with the above patch antennas in a cognitive radio can be found in a companion paper at the CCAA Workshop entitled "Wideband Reconfigurable Harmonically Tuned GaN SSPA for Cognitive Radios."
